A review of the current literature on magnetic resonance imaging of neuronal function in the spinal cord (spinal fMRI) is presented.The unique challenges of spinal fMRI are identified as being the small cross-sectional dimensions of the spinal cord, magnetic field inhomogeneity caused by the bone and cartilage in the spine, and motion of cerebrospinal fluid, blood, adjacent tissues and organs and of the spinal cord itself.Techniques have been developed to overcome or compensate for these challenges and the result is a fMRI method which is distinct from that used for mapping function in the brain. Evidence that the current spinal fMRI method provides accurate and sensitive maps of neuronal function is also discussed. Studies presented in the literature have demonstrated areas of neuronal activity corresponding with spinal cord neuroanatomy as a result of thermal and electrical stimuli and motor tasks with the hands, arms and legs. Signal intensity changes detected in active areas have also been demonstrated to depend on the intensity of the stimuli with both thermal stimulation and a motor task, providing evidence of the correspondence between spinal fMRI results and neuronal activity in the spinal cord. Funct ional magnetic resonance imaging (fMRI) of the spinal cord has been developed over the past 7 years and now appears to be adequate for practical use as a research tool and for clinical trials assessing spinal cord function. The magnetic resonance imaging (MRI) method for demonstrating areas of neuronal activity in the brain has received a great deal of attention and has developed at a rapid pace since it was first demonstrated in 1990. [1] [2] [3] The method has been proven to be a powerful tool for mapping neuronal function with several hundred scientific papers published each year related to fMRI of the brain. The application of fMRI to the spinal cord (spinal fMRI) seems a logical extension of its use in the brain, but in comparison has received relatively little attention. To date there have been approximately 17 scientific papers published on spinal fMRI in humans and animals. The relatively low number of publications appears to be, at least in part, a consequence of the considerable challenge of acquiring MRIs of the spinal cord, in addition to the usual challenges of obtaining high quality fMRI data. Nonetheless, the work that has been published and presented at scientific meetings has shown consistent findings across several groups that are now working on spinal fMRI and demonstrates that the challenges of applying fMRI to the spinal cord can be overcome. Most of the work that has been published with human subjects demonstrates that spinal fMRI can be carried out using current clinical MRI systems without any custom hardware or software.
Funct ional magnetic resonance imaging (fMRI) of the spinal cord has been developed over the past 7 years and now appears to be adequate for practical use as a research tool and for clinical trials assessing spinal cord function. The magnetic resonance imaging (MRI) method for demonstrating areas of neuronal activity in the brain has received a great deal of attention and has developed at a rapid pace since it was first demonstrated in 1990. [1] [2] [3] The method has been proven to be a powerful tool for mapping neuronal function with several hundred scientific papers published each year related to fMRI of the brain. The application of fMRI to the spinal cord (spinal fMRI) seems a logical extension of its use in the brain, but in comparison has received relatively little attention. To date there have been approximately 17 scientific papers published on spinal fMRI in humans and animals. The relatively low number of publications appears to be, at least in part, a consequence of the considerable challenge of acquiring MRIs of the spinal cord, in addition to the usual challenges of obtaining high quality fMRI data. Nonetheless, the work that has been published and presented at scientific meetings has shown consistent findings across several groups that are now working on spinal fMRI and demonstrates that the challenges of applying fMRI to the spinal cord can be overcome. Most of the work that has been published with human subjects demonstrates that spinal fMRI can be carried out using current clinical MRI systems without any custom hardware or software.
Rationale for Developing Spinal fMRI
The need for an fMRI method adapted for demonstrating function in the spinal cord arises from the fact that the cord is contained within the vertebral column and is therefore relatively inaccessible. Without opening the spinal canal or risking injury to the cord by inserting electrodes or needles, the only means of assessing the function of the cord relies on the patient's (or research animal's) ability to feel a stimulus or to have an overt reflex response. This requires the assumption that the sensory receptors, peripheral nerves and relevant areas of the brain are all functioning normally. Even if this assumption is correct, very little information can be obtained about the condition of the spinal cord caudal to an injury site. This effectively hides very important physical and physiological information that may be needed for proper assessment of a patient's condition or the effectiveness of treatment.
Challenges
Most challenges of applying fMRI methods to the spinal cord also arise from the fact that the cord is contained within the vertebral column. Differences in the magnetic susceptibilities between the bone, cartilage and tissues result in subtly different magnetic fields within these materials and field gradients at their boundaries. These gradients can cause distortion and loss of signal in MRIs and present a challenge for obtaining good image quality in the spinal cord. A similar effect arises from the lungs, which are near to the cord over most of its length, with the added complication that the field distortions they cause fluctuate rhythmically with breathing. The cerebrospinal fluid (CSF) that flows around the cord within the spinal canal presents another challenge because of the motion artifacts produced, as well as from the motion this imparts to the spinal cord. Finally, the 45 cm average length of the cord and its relatively small cross-section (approximately 16 mm x 10 mm in the cervical enlargement) present another problem for MRI because a trade-off is required between image resolution and the volume of tissue that can be imaged in a reasonable amount of time (preferably ≤10 sec).
Problems of Field Homogeneity and Image Quality
The first published example of fMRI in the spinal cord was by Yoshizawa et al. 4 in 1996 after blood-oxygen-level-dependent (BOLD) fMRI of the brain had already been established. This work and the earliest attempts by other groups applied the established brain fMRI methods of the time to the spinal cord.
The consistent features of the studies by Yoshizawa et al., 4 Stroman et al., 5 Madi et al. 6 and Backes et al. 7 were that they were carried out with healthy volunteers and employed a hand motor task with imaging of the cervical spinal cord. All used gradient-echo methods with echo times of 40-50 msec at 1.5 T and 31 msec at 3 T, as is typical with brain fMRI. The areas of activity in the spinal cord demonstrated by these studies corresponded to the expected areas of neuronal activity with the stimuli applied. In each of these manuscripts the authors concluded that spinal fMRI is a feasible method for assessing neuronal activity in the cord. However, the results obtained also demonstrated variability in the areas of activity, and that it is difficult to obtain high quality fMRI data in the spinal cord with gradient-echo methods and sensitivity to the BOLD effect.
The nature of the signal changes in the spinal cord were investigated by comparing T 2-weighted and T2*-weighted spinal fMRI data obtained with spin-echo imaging and gradient-echo imaging (echo-planar imaging in both cases), respectively (figure 1). 8 The fMRI studies carried out in the brain have demonstrated that the ratio of signal changes with gradient-echo data to those with spin-echo data should be at least 3.5:1 when acquired at the same echo time. 9 This comparison in the spinal cord demonstrated a ratio of signal changes that is slightly <1:1 and is inconsistent with the BOLD theory. Both the spin-echo and gradient-echo data demonstrated signal changes correlated with the stimulation paradigm and both demonstrated signal changes that increased with the echo time. 8 These points are consistent with the data demonstrating a BOLD effect. However, the signal change extrapolated to an echo time of zero (no sensitivity to relaxation times or changes in this property) did not approach zero with the spin-echo data, but was consistently around 2.5%, and this is not consistent with the BOLD effect. A detailed study which followed demonstrated that the relationship between the fractional signal change ( S/S) and echo times for spin-echo data was non-linear, as shown in figure 2. 10 At an echo time of only 11 msec, the average signal intensity change was 3.3% with spin-echo imaging. This is proton-density weighted data, as there is very little sensitivity to transverse relaxation (T2), and the signal changes cannot be attributed to the BOLD effect. While this raised significant questions regarding the mechanism of signal change, an immediate conclusion that was demonstrated by this observation is that spinal fMRI can be carried out with proton-density weighted spin-echo imaging. This imaging technique provides the highest image quality in the spinal cord because it has the least sensitivity to spatial variations in the static magnetic field arising from magnetic susceptibility differences.
The fundamental problem of poor magnetic field homogeneity in the spinal cord was, therefore, demonstrated to be overcome with the use of spin-echo imaging methods with short echo times. Although this method does not provide high sensitivity to the BOLD effect, it nonetheless demonstrates areas of signal change corresponding to areas of neuronal activity in the spinal cord. The current evidence supporting this conclusion is discussed below.
Contrast Mechanism for Spinal fMRI
The mechanism of signal change in the spinal cord has been demonstrated to have a contribution from the BOLD effect, as well as from a proton-density change at sites of neuronal activity. 10 However, the contribution of a proton-density change had not been previously demonstrated in fMRI data, and its relationship to neuronal activity was unknown. The detailed study of the dependence of the fractional signal change ( S/S) with the echo time discussed above, demonstrated that the proton-density change contribution likely occurs in a water component that is separate from that in which the BOLD effect occurs. 10 As the BOLD effect arises from the blood, [1] [2] [3] this finding is consistent with the proton-density change occurring outside the vascular spaces and so it was termed "SEEP" for "Signal Enhancement by Extravascular water Protons." A two-component model was developed that, when fit to the data, demonstrated one component with a T2 value changing from 172 ± 9 msec during rest conditions to 200 ± 13 msec upon stimulation. 10 These values are consistent with the BOLD effect showing the T2 of blood in the capillaries having an oxygenation of approximately 80% at rest and increasing to 85% during stimulation. 11 The second component exhibited a constant T2 of 71 ± 21 msec (consistent with gray matter) that did not change upon stimulation, and a proton-density which increased by 5.6% ± 0.2% upon stimulation. These observations are again consistent with the proton-density change occurring within an extravascular water component.
Studies were carried out to further investigate this effect employing fMRI of the brain to permit comparisons with the broader base of brain fMRI results in the literature. Under similar experimental conditions (i.e., spin-echo data; proton-density weighted: echo times = 21 to 23 msec; sensory stimulation of the hand) signal intensity changes in the sensory areas of the brain in healthy volunteers were observed to be 1.9% ± 0.3% at 3 tesla, 12 1.9% ± 0.5% at 1.5 tesla, 13 and 1.7% ± 0.1% and 2.0% ± 0.2% at 0.2 tesla. 14 ▲ ▲ ▲ effect has been shown to depend on the magnetic field strength 15 and is expected to be negligible in the spin-echo data acquired at 0.2 T. These studies confirm that there is a non-BOLD contrast mechanism that does not arise from relaxation time changes and is consistent only with a proton-density change.
Comparisons were also made between BOLD and SEEP fMRI results obtained at 1.5 T and 3 T. These studies consistently demonstrated that areas of SEEP activity were immediately adjacent to areas of BOLD activity with very little overlap. 12, 13 While SEEP and BOLD contrast mechanisms are observed simultaneously, their primary sites of origin do not appear to be at the same anatomical locations.
Proposed Physiological Origins of SEEP
At sites of neuronal activity there are well-known physiological processes occurring in addition to the BOLD effect. It is well established that local hemodynamic changes result in increased blood flow and increased perfusion pressure at sites of neuronal activity. 16 Such increases may also increase the normal rate of production of extracellular fluid arising from water being exuded from the blood vessels. Positron emission tomography (PET) studies using a radiolabeled water tracer have demonstrated that there is increased unidirectional clearance of water from the blood into the tissues at sites of neuronal activity in the brain. 17, 18 Another factor influencing the local fluid balance is cellular swelling at sites of activity. Astrocytes make contact with both blood vessels and neurons and play a role in providing metabolites to neurons and in maintaining the extracellular concentration of glutamate. [19] [20] [21] As a result, these cells have been shown to play an important role in effective neuronal signaling. 22, 23 When glutamate is released from vesicles in the axon terminal and travels across the synaptic cleft to trigger the depolarization of the adjoining neuron, the remaining glutamate is rapidly absorbed by astrocytes by means of high-affinity sodium-dependent transporters. 22 When glutamate is actively taken up by astrocytes, each molecule is accompanied by 3 Na + and 1 H + transported into the cell and 1 K + transported out. This ionic exchange is also accompanied by water co-transport into the cells. 22 In addition, astrocytes have been shown to be depolarized during neuronal activity as a result of potassium uptake in proportion to the number of active neurons in the vicinity and the frequency at which they fire. 20 The flux of potassium across the astrocyte plasma membrane is coupled with water transport via specific channels known as aquaporins (specifically Aqp4). 24 These channels exist throughout the brain but are concentrated in the membranes of astrocyte end-feet, which face blood vessels. There is strong evidence that these end-feet promote the exchange of water between the brain and blood or CSF. As a result of these effects, the extracellular/intracellular volume ratio has been shown to change significantly in isolated tissue samples of rat spinal cord tissue during and following neuronal stimulation. 25, 26 With glial cells being 5 to 10 times more numerous than neurons and occupying roughly half the volume of the central nervous system, they contribute a significant portion of the MRI signal. Moreover, astrocytes are connected by gap junctions, allowing passage of small molecules from cell to cell and, thus, function as a continuous, large fluid volume. 27 Given the role astrocytes play in maintaining the extracellular environment for effective neuronal signaling and in providing metabolites, these cells may play a very significant role in fMRI as well. Evidence for this is demonstrated in the neuroscience literature where it is generally well accepted that brief neuronal discharge leads to sustained swelling of adjacent glial cells. For example, changes in neuronal and glial cell volumes related to neuronal activity cause changes in light transmittance and are used for imaging activity in spinal cord 25, 28 and brain slices. 29, 30 Rat brain slices submerged in flowing artificial CSF solution demonstrated increased light transmittance as a result of cell swelling, specifically at sites where electrically stimulated fibers terminated on dendrites in the hippocampus. 30 Although no proof has yet been obtained that the production of extracellular fluid and glial cell swelling are related to the observed SEEP contrast mechanism, the data obtained to date support the hypothesis that these processes play a role.
Problems Associated with Small Physical Dimensions of the Cord and Partial Volume Effects
The small physical dimensions of the spinal cord and the distribution of white and gray matter and the surrounding CSF create a requirement for high resolution data (preferably voxel dimensions <2 mm A/P by 2 mm R/L) in order to avoid mixing of gray matter, white matter and/or CSF in each voxel. However, the data must also have a sufficiently high signal-to-noise ratio. The signal from each voxel depends on the volume of tissue/fluid it contains, and larger voxel dimensions provide a higher signal-to-noise ratio. An optimal balance of slice orientation, image resolution and slice thickness must therefore be determined to achieve both adequate resolution and signal-to-noise ratio.
Published studies that have reported success at detecting areas of neuronal activity in human subjects with either gradient-echo or spin-echo methods have generally employed transverse slices with an in-plane resolution of 2 mm or less. A greater degree of sensitivity is evident in the reported studies with finer resolution, the majority of which have been carried out with a roughly 1 mm in-plane resolution or less. This resolution is adequate for distinguishing gray and white matter regions and is necessary for clear identification of gray matter regions involved in a task or stimulus. However, many studies with transverse slices have employed a slice thickness of up to 10 mm with reportedly good sensitivity in the results obtained.
More consistently reliable results have been demonstrated to date with transverse slices than with sagittal ones, but the advantage of greater volume coverage with sagittal or coronal slices is clear. The use of coronal slices has been successfully demonstrated in animal spinal fMRI studies using spin-echo imaging methods. 31 However, the curvature of the spinal cord is expected to be problematic in this orientation in human studies; it is likely that a coronal slice will not demonstrate a consistent anterior-posterior plane of the spinal cord. Because there is generally very little right-left curvature of the spinal cord, sagittal slices are expected to demonstrate a consistent portion of the cord, but will nonetheless suffer from partial volume effects, unless the slice thickness is as thin as possible. Studies employing sagittal slices have been reported in humans using slices ranging from 4 mm to 8 mm thick. [5] [6] [7] However, the results have been variable with less consistent correspondence to the spinal cord neuroanatomy and a wide range of signal intensity changes reported at 0.5%-7.5%, 6 4.3%-4.5%, 5 and 8%-12%. 7 Given that the human spinal cord is roughly 16 mm across at its widest point, the sagittal data that have been presented clearly suffer from significant partial volume effects and reduced sensitivity to the true neuronal activity-related signal changes.
In order to obtain reliable data in a sagittal orientation, it has been proposed that one can acquire contiguous sagittal slices with the thickness set to the minimum that can be achieved by the MRI hardware, regardless of the signal-to-noise ratio. 32 By reformatting these data into a three-dimensional (3D) volume, one can smooth across uniform tissue volumes by applying the smoothing only in the rostral-caudal direction along the spinal cord. This serves to increase the signal-to-noise ratio without incurring significant partial volume effects. In order to test this method, data were acquired in repeated studies of 7 healthy volunteers. Cold thermal stimulation of the palm of the hand was employed to elicit activity in the cervical spinal cord without inducing task-related motion and to allow comparisons with previous studies. Prior to analysis, a mid-line sagittal slice was selected from each data set and a reference line was drawn manually along the anterior edge of the cord. The data were then reformatted into a 3D volume, interpolated into small isotropic voxels, and the volume was re-sliced perfectly transverse to the cord at each point along the reference line in the rostral-caudal direction. The reference line was also used to align the anterior edge of the cord in each resulting transverse slice. The data were smoothed only across adjacent transverse slices (i.e., smoothed in the rostral-caudal direction) and a correlation analysis was applied as in previous studies. The resulting data demonstrated details of the distribution of activity at the sub-segmental level; small (~2 mm to 3 mm) localized areas of activity and a pattern of dorsal and ventral activity consistent with the stimulus and with previous studies were observed. The magnitude of signal intensity changes was larger than observed in previous studies at 10% ± 1% (mean ± S.D.) suggesting that partial-volume effects had been further reduced by the increased resolution in the rostral-caudal direction. The data were also reformatted to match the volumes spanned by 7.5 mm thick transverse slices and reanalyzed for comparison with previous studies. This resulted in active voxels being identified with signal changes of 6.3% ± 0.5% in comparison with 6.4% ± 1.3% observed in studies employing transverse slices and similar stimulation conditions. 10, 33, 34 The added benefit of this sagittal-slice method is that it provides a full three-dimensional map of activity across a 12 cm length of the spinal cord enabling results to be displayed in any desired slice orientation, as well as demonstrating surrounding anatomical landmarks such as spinal nerves, vertebrae and spinous processes. The resulting effective resolution obtained with this method was 2.8 mm x 0.9 mm x 1.8 mm (R/L x A/P x S/I) and the voxel volume and signal to noise ratio were similar to that obtained with transverse slices and voxel dimensions of 0.94 mm x 0.94 mm x 7.5 mm.
Problems Arising from Motion
The detection of MRI signal intensity changes arising in relation to a change in neuronal activity requires that each image voxel in a time-series data set represents the same tissue volume at each time point. Slight movement can be tolerated, particularly if the volume spanned by neighboring voxels also contains active tissue. In the spinal cord, however, the spatial extent of gray matter regions is relatively small, therefore very little motion can be tolerated. Confounding the problem is the pulsatile flow of CSF which causes the spinal cord to move slightly with each heartbeat. Another problem arises when nearby tissues move and create image artifacts that contribute, in error, to the signal within a voxel spanning a volume of the spinal cord. This effect can arise from the motion of CSF, lungs, heart or other organs or tissues.
It has been shown that some motion of the spinal cord may arise from blood flow in the radicular arteries, 35 but the bulk of the motion is expected to be caused by CSF flow. 36, 37 The magnitude of displacement depends on the rostral-caudal position with the cord and on its curvature, as can be observed in serial images of the spinal cord with sagittal slices.
Various means of compensating for these sources of motion have been applied in virtually every spinal fMRI study reported to date, but the relative importance of each is only now becoming apparent as more studies are reported. Reduction of image artifacts arising from moving tissues and fluids has been successfully achieved with the use of flow-compensation gradients applied in the rostral-caudal direction and spatial saturation pulses to eliminate all signal arising from anterior to the spine. 10, 33, 38, 39 These serve to eliminate sources of signal from areas outside of the spinal cord that could contribute to voxels within the spinal cord as a result of spatial encoding errors created by motion. Respiratory-gated acquisition and breath-hold during acquisition have also been employed to reduce or eliminate the effects of lung motion. 5, 34 However, in the studies carried out in our lab with proton-density weighted spin-echo imaging there was no apparent benefit or improvement in data quality obtained from respiratory gating or breath-holding. In one of the earliest spinal fMRI studies reported, Backes et al. 7 applied cardiac-gated acquisition. However, this had not been investigated again until a comparison was made by Brooks et al. 40 to determine the effects of retrospective cardiac gating; the results demonstrated that the majority of noise in spinal fMRI appears to be cardiac in origin. Given that all the causes of spinal cord motion within the spinal canal (CSF and blood flow) are driven by the cardiac motion, this conclusion seems highly plausible and may lead to a substantial improvement in the reliability and sensitivity of spinal fMRI results. It remains to be determined whether synchronizing the image acquisition with the heartbeat is sufficient or if there is an optimal time window in the cardiac cycle for data acquisition. If the latter is the case, then it is possible that this window will depend on the rostral-caudal position within the cord as pressure waves within the CSF propagate along the spinal canal.
From the studies reported to date, it appears that the optimal spinal fMRI method will employ an appropriate cardiac-gated acquisition scheme and will have secondary improvement in quality from the use of flow compensation gradients and spatial saturation pulses to eliminate interference from motion artifacts from surrounding tissues and fluids.
Evidence that Spinal fMRI Demonstrates Areas of Neuronal Activity
Seven different groups reporting spinal fMRI studies on human subjects have demonstrated that areas of signal change correlated with the stimulation paradigm were detected in locations corresponding with the expected areas of activity based on the neuroanatomy. 6, 7, 33, [40] [41] [42] [43] Studies with animals (rats) have also been reported and will be discussed separately below. Evidence that the observed signal changes are related to neuronal activity is provided by the correspondence between the patterns of activity and the neuroanatomy. Studies carried out in our lab have outlined the detailed distribution of activity in the gray matter demonstrating activity primarily near the end of the dorsal horn ipsilateral to the stimulus as well as in ipsilateral motor areas ( figure 3 ). 33 The pattern demonstrated matches the neuroanatomy of the spinal cord very closely. In the same study, the data also demonstrated areas of activity which arose only after the 10˚C thermal stimulus had been applied for several seconds and had become noxious; activity was observed at the tip of the dorsal horn (near laminae I and II), in localized motor areas in the ipsilateral ventral gray matter and around the central canal between the area of stimulation and the segmental level of activity observed in the spinal cord. 39 Similarly, studies employing thermal stimulation of the leg have demonstrated corresponding activity in the lumbar spinal cord with differences demonstrated between the patterns of activity seen with thermal sensory stimulation and a motor task. 33, 45 Spinal fMRI studies of people with spinal cord injuries and with multiple-sclerosis have consistently demonstrated patterns of activity that are different than those seen in healthy subjects and that correspond with the injury or sensory deficits at the time of the study. 38, 46 All these examples support the conclusion that the areas of activity observed with spinal fMRI are indeed related to the neuronal function in the spinal cord.
However, more direct evidence has been obtained in studies comparing the magnitude of signal changes and stimuli of varying intensities. Madi et al. 6 reported that signal intensity changes in the spinal cord depend on the force applied by muscles during an isometric motor task and concluded that the signal intensity changes observed were directly proportional to the force applied by the muscle group. Similarly, we compared the magnitude of signal intensity changes in the spinal cord with the temperature of a thermal stimulus applied to the leg over the range of 32˚C to 10˚C. The signal intensity changes observed in active regions of the spinal cord averaged 2.6% ± 1.1% (mean ± S.D.) at around 29˚C, increasing marginally to 3.2% ± 0.5% at 15˚C and then increasing dramatically at lower temperatures to 7.0% ± 0.9% at 10˚C (figure 6). 33 The response pattern was essentially identical in active regions of the spinal cord detected in spinal cord injured subjects. 47 This bi-phasic response pattern corresponds well with the transition between cold thermal stimulation above 15˚C to a noxious cold stimulation below 15˚C. During all these studies, the subjects participated only passively and serial time-course images were obtained of the lumbar spinal cord while the temperature of the thermode against the skin below the knee was varied in time. The only link between the temperature of the thermode and the images obtained of the spinal cord is via the input to the spinal cord from the receptors in the skin. These results, and those reported by Madi et al., 6 therefore provide direct evidence that the signal changes detected in spinal fMRI correspond with neuronal activity in the spinal cord.
Animal Studies
A relatively small number of animal studies have been reported in the literature but provide the most direct evidence to date that spinal fMRI results demonstrate areas of neuronal activity in the spinal cord. The first published animal spinal fMRI study 31 employed several key features of current methods: 1) data were acquired at 4.7 T with a fast spin-echo imaging method but 2) a relatively long effective echo time (100 msec) in order to detect the BOLD effect and 3) images were obtained from thin (1 mm) coronal slices with a high in-plane resolution (0.12 mm x 0.23 mm). Malisza et al. 48, 49 have since demonstrated consistent results in rats at 9.4 T with a fast spin-echo, effective echo time of 85 msec, 2 mm thick transverse slices and in-plane resolution of 0.16 mm x 0.31 mm. All these studies used injection of a noxious substance (formalin or capsaicin) into the paw with fairly consistent results. Porszasz et al. 31 demonstrated signal changes of 12.7% upon stimulation and Malisza et al. 48, 49 reported signal changes of 16% and 20%. Lawrence et al. 50 have also carried out a study to compare spinal fMRI results with direct histological assessment of areas of activity using c-fos staining. This study demonstrated good correspondence between areas of activity detected with spinal fMRI and those observed with c-fos labeling in the same animals with noxious electrical stimulation of the forepaw and hindpaw. Finally, a recent study by Majcher et al. 51 has demonstrated simultaneous brain and spinal cord fMRI in rats during electrical stimulation of the forepaw (figure 7). Image data from both the brain and spinal cord were obtained in a single acquisition with a fast spin-echo at 9.4 T with an echo time of 44 msec, 2 mm thick transverse slices and an in-plane resolution of 0.31 mm x 0.31 mm. In each study, the results demonstrated highly reproducible areas of activity in both the brain and cervical spinal cord in areas corresponding with the neuroanatomy. The magnitude of signal changes in both regions was approximately 3%.
Conclusions and Future Directions
The current literature on spinal fMRI demonstrates both effective methods for data acquisition and that results obtained by these methods correspond with areas of neuronal activity in the spinal cord. One key step remains before spinal fMRI can be used as a tool for clinical assessment or for research: the reproducibility and reliability of the results this method provides must be determined. In all the spinal fMRI studies reported, there has been a degree of variability in the results, much like that seen in fMRI of the brain, but it is currently unknown how much variability is real and physiological, and how much is artifactual. In order to address this question a multi-site study is currently being conducted in healthy subjects to quantify the reproducibility of the results using the current spinal fMRI methods that we have established in our group. Preliminary results from this study demonstrate positive result reproducibility of at least 67% in active regions in spinal cord gray matter in single experiments, and that the occurrence of false positive results is lower than that of false negative results. The greatest source of error in spinal fMRI results can reasonably be expected to be cardiac in origin, as has been demonstrated by Brooks et al., 40 however cardiac gating was not employed in the aforementioned reproducibility study. With the addition of cardiac gating and/or modelling of signal changes arising from cardiac motion to the established methods, the reproducibility of spinal fMRI results will be substantially improved. Although future improvements and advances are still to be expected, spinal fMRI methods, which are practical and effective for clinical assessment and spinal cord research, appear to be within reach.
